We propose and experimentally demonstrate an all-optical filter with tunable bandwidth and wavelength based on cascaded opto-mechanical microring resonators (MRRs). As the transmission of each MRR could be tuned by injecting resonance powers, the total transmission of the three cascaded MRRs could be manipulated to realize tunable all-optical filters. Due to the free-hanging waveguides of the opto-mechanical MRRs, the nonlinear effects in the device are efficiently enhanced, which contribute to reduce the resonance powers. In the experiment, the bandwidth and wavelength tunability of the optical filter have been demonstrated by injecting three resonance powers. The tuning efficiencies of the filter's 3 dB bandwidth and wavelength could reach 0.233 nm/mW and 0.043 nm/mW respectively, which benefit the construction of all-optical systems with low-power consumptions. The footprint of the compact device is 0.02 mm 2 . The proposed tunable optical filter is competent to process optical signals with dominant advantages of high tuning efficiencies, all-optical control, compact footprint, and complementary metal-oxide semiconductor-compatibility, which has significant applications for on-chip all-optical systems.
Bandwidth and Wavelength Tunable All-Optical Filter Based on Cascaded Opto-Mechanical Microring Resonators

Introduction
Optical filters are fundamental components of optical communication systems [1] - [3] , due to their significant applications in signal quality improvement, noise suppression and wavelength division multiplexing (WDM) optical networks [4] . To process the optical signals in the next-generation reconfigurable WDM network more flexibly, optical filters with simultaneous bandwidth and wavelength tunability are highly desirable and have attracted increasing interests [5] - [7] . Widely filter approaches are based on liquid crystal modulation [8] and free space optical technology [9] . However, such filters are complex and hard to be integrated on the silicon chip. To pursue better integration and reliability, silicon-on-insulator (SOI) technology, which possesses the advantages of high index contrast and complementary metal-oxide semiconductor (CMOS) compatibility, has become the mainstay of silicon photonics [10] - [12] . To date, several tunable optical filters based on the SOI technology have been demonstrated, such as employing the microring resonator (MRR) assisted Mach-Zehnder interferometer (MZI) structure [13] , the four-tap finite impulse response structure [14] , cascaded MRRs [15] , cascaded Bragg-grating-assisted contra-directional couplers (DCs) [16] and the multimode Bragg grating [17] . However, these schemes mostly adopt thermal electrodes to realize the bandwidth and wavelength tunability, whose tuning efficiencies are required to be improved.
Nowadays, in order to build on-chip all-optical systems, it is urgent to realize integrated tunable all-optical filters [18] - [20] . To the best of our knowledge, there have been limited research efforts in terms of silicon all-optical filters. Therefore, an effective solution with all-optical control, high tuning efficiency and CMOS-compatibility to realize all-optical filters with bandwidth and wavelength tunability are highly desirable [21] , [22] .
Recently, silicon opto-mechanical MRRs have attracted widespread attentions [23] . Due to the combination of nanophotonics and nanomechanics [24] , the nonlinear effects are significantly enhanced in the opto-mechanical MRRs. Through injecting low resonance powers into the optomechanical MRRs, their transmission characteristics could be efficiently manipulated by nonlinear effects [25] , [26] . Therefore, the silicon opto-mechanical MRRs provides an energy-efficient solution for on-chip dynamic signal processing [27] - [29] .
In this paper, we experimentally demonstrate an all-optical filter with tunable bandwidth and wavelength based on three cascaded silicon opto-mechanical MRRs. By injecting three resonance powers, the transfer function of the silicon device could be tuned. The experimental results demonstrate that the silicon device is competent to realize an all-optical tunable filter with high tuning efficiency. With injecting resonance powers of 1.8 mW, the bandwidth of the optical filter could be tuned from 0.89 nm to 0.47 nm. On the other hand, with injecting resonance powers of 10.24 mW, the filter wavelength could be tuned from 1552.72 nm to 1553.16 nm. Therefore, the bandwidth and wavelength tuning efficiencies could reach 0.233 nm/mW and 0.043 nm/mW, respectively. Moreover, the tuning range of the all-optical filter could be further increased by enhancing the resonance powers. The footprint of the silicon device is 0.02 mm 2 . The silicon all-optical filter with high tuning efficiency and a compact footprint has significant applications for on-chip all-optical signal processing systems.
Operation Principle
As shown in Fig. 1(a) , half waveguide of the opto-mechanical MRR is free-hanging in the air. The manipulation of the opto-mechanical MRR is based on nonlinear effects, which mainly include the thermo-optic effect and opto-mechanical effect. As the oxide substrate of the half MRR is removed, the corresponding waveguide becomes free-hanging which significantly reduces the device heatsink. In this case, the thermo-optic effect could induce higher temperature rises and larger resonance red-shifts of the MRR. On the other hand, the opto-mechanical effect is caused by the opto-mechanical interaction between the pump light, the free-hanging MRR and the substrate [30] . As the gradient of the optical field is significantly enhanced in free-hanging MRRs, the optical force could be amplified by several orders of magnitude [31] . Thus with a low pump power, the freehanging waveguide would be deformed downwards to the oxide substrate, which is driven by the optical force, as shown in Fig. 1(b) . In this case, the effective waveguide length of the MRR would be changed which could efficiently result in resonance red-shifts. Therefore, the tuning efficiency is significantly enhanced in the opto-mechanical MRR. Though injecting lower pump powers into the opto-mechanical device, larger resonance red-shifts could be realized.
The resonance red-shift δλ 1 caused by the thermo-optic effect could be written as [32] δλ 1 ≈ λ r n g R th k th th P t (1) where λ r is the resonant wavelength, n g is the group index, R th is the thermal resistance of the silicon ring resonator, k th is silicon thermo-optic coefficient, th is the effective confinement factor, and P t is the optical pump power for the thermo-optic effect.
On the other hand, the resonance red-shift δλ 2 caused by the opto-mechanical effect can be given by [33] 
where
is the opto-mechanical tuning efficiency, n eff is the effective index of the free-hanging MRR, g represents the waveguide separation between the free-hanging arc and the substrate, P m is the circulating pump power on the ring for the opto-mechanical effect, and k is the beam stiffness.
Therefore, the total resonance red-shift δλ can be determined by
where P in is the input power of λ r which mainly consists of P t and P m . It is clear that the MRR resonance red-shifts are proportional to the input pump power P in . Thus the transmission of the optomechanical MRR could be efficiently manipulated by adjusting the input pump powers. Because the coupling efficiencies of the MRR resonances are higher, the pump light aligned at the resonances could cause the larger resonance red-shifts. The device consists of three cascaded opto-mechanical MRRs (i.e., R 1 , R 2 and R 3 ) with different radii, as shown in Fig. 2(a) . The waveguide structures in the blue dashed boxes are free-hanging arcs. The six resonant wavelengths belong to R 1 (λ 1a and λ 1b ), R 2 (λ 2a and λ 2b ) and R 3 (λ 3a and λ 3b ), respectively. The pump powers of three resonances λ 1b , λ 2b and λ 3b are utilized to activate the nonlinear effects in the corresponding MRR and then the other three resonances (i.e., λ 1a , λ 2a and λ 3a ) could be accordingly shifted. The resonances λ 1b and λ 3b are injected from port 1 while λ 2b is injected from port 2.
Due to the Vernier effect, the device transmission spectrum is illustrated as the green solid line in Fig. 2(b) . The first and second free spectral ranges (FSRs) are used as the filter region (i.e., λ 1a , λ 2a and λ 3a ) and pump region (i.e., λ 1b , λ 2b and λ 3b ), respectively. Namely, the pump powers of λ 1b , λ 2b and λ 3b are employed to manipulate the transmission characteristics of the filter region. The bandwidth tuning principle of the all-optical filter is shown in Fig. 2(c) . Firstly, without pump power, the transfer function of the optical filter is unchanged which is shown as the green line. According to Eq. (3), the MRR resonance red-shifts are proportional to the input pump powers. Then, the pump power of λ 2b is turned on while the other two pump powers are still turned off. The initial resonance λ 2a could be shifted to λ 2c , which is shown as the red dashed line in Fig. 2(c) . In this case, the 3dB-bandwidth (BW) of the optical filter could realize the maximum value of BW max . Finally, by simultaneously turning on and adjusting the pump powers of λ 1b and λ 2b , the initial resonances λ 1a and λ 2a could be shifted in order to overlap with λ 3a , which is shown as the blue dashed line in Fig. 2(c) . As a result, the BW of the optical filter could achieve the minimum value of BW min . Therefore, the BW of the all-optical filter could be tuned from BW min to BW max by adjusting the powers in the pump region (i.e., λ 1b and λ 2b ).
Figures 2(d) and 2(e) illustrate the tuning process of the filter wavelength. As discussed in Fig. 2(c) , the optical filter with the wavelength of λ 3a (blue dashed line) has been achieved by injecting two pump powers of λ 1b and λ 2b . Then, the powers in the pump region (λ 1b , λ 2b and λ 3b ) are all turned on and injected into the device, as shown in Fig. 2(d) . By adjusting the three pump powers, the three resonances in the filter region (λ 1a , λ 2a and λ 3a ) could all be tuned to λ 3c . In this case, the wavelength of the optical filter could be tuned from λ 3a (the blue dashed line) to λ 3c (the pink dashed line) in Fig. 2(e) . Therefore, the wavelength of the all-optical filter could also be tuned by manipulating the three powers in the pump region (i.e., λ 1b , λ 2b and λ 3b ).
Finite element analysis and waveguide theory are used to design the device parameters. By utilizing the finite-difference time-domain (FDTD) method [34] , [35] , the MRR bending loss could be negligible when the ring radius is larger than 5 μm. Considering the practical fabrication technology and waveguide single-mode transmission, the radius and waveguide width of the MRR are designed around 20 μm and 450 nm, respectively. Subsequently, the waveguide modes are simulated by the finite-element mode solver [36] . As the silicon slab of SOI wafer is 220 nm, the filter slab height is designed as 30 nm to realize ridge waveguides. In this case, the differences of the waveguide effective indexes could be negligible, which benefits the signal transmission and mode coupling between different waveguide structures. Figure 3 shows that the effective indexes of the ridge MRR (blue solid line), straight waveguide (red dashed line) and free-hanging MRR (pink dotted line) at 1550 nm are 2.36, 2.33 and 2.26, respectively. The energy profiles of the fundamental modes in the ridge MRR, free-hanging MRR and straight waveguide are shown as the inset images. Therefore, the parameters of the silicon MRRs could be designed by finite element analysis to optimize the device performances (e.g., resonant wavelengths and bandwidths).
In order to experimentally demonstrate the all-optical tunable filters, the cascaded opto-mechanical MRRs were fabricated on an SOI wafer with a 220-nm-thick top silicon layer and a 2-μm-thick buried oxide layer through a CMOS compatible process. Through three production steps, the freehanging waveguides of the MRRs could be released by selective etching processing. At first, the whole device was transferred to photoresist by the first E-beam lithography (EBL) and then etched downwards for 190 nm through the first inductively coupled plasma (ICP) etching. At this time, the device became a structure of ridge waveguides. Secondly, only half of each MRR was etched downwards for another 30 nm by the second EBL and ICP etching in order to realize the slab waveguide structure. In this case, the oxide substrates around the above slab waveguides were exposed to the air. Namely, a corrosion window for the later hydrofluoric (HF) etching was built while the other half of each MRR with a 30-nm-thick silicon layer would be protected from the HF etching. Finally, the HF acid etching was used to selectively etch the oxide substrate in the corrosion window region. In this case, the half waveguide of each opto-mechanical MRR was free-hanging while the other waveguides were fixed. Through the above three steps, the opto-mechanical device was fabricated. Due to the different etched depths, the effect of Fresnel-reflection might slightly increase the device loss. Compared to the normal MRR, the extra loss of the free-hanging MRR is about 0.5 dB. Figure 4 (a) shows the scanning electron microscope (SEM) image of the silicon device (i.e., R 1 , R 2 and R 3 ). The footprint of the whole device is 0.02 mm 2 . The radii of the three MRRs are about 20 μm (R 1 ), 20.06 μm (R 2 ) and 20.12 μm (R 3 ), respectively. The waveguides in the yellow dashed boxes are the free-hanging arcs. As the separation distance among the cascaded MRRs is about 55 μm, the thermal influence between the three MRRs could be negligible. The zoom-in image of R 1 is shown in Fig. 4(b) . The coupling gap between the ring and the straight waveguide is 200 nm. To ensure single-mode transmission, the waveguide width of the free-hanging MRR was 450 nm, as shown in Fig. 4(c) .
The transmission spectrum of the silicon device is shown in Fig. 5(a) . The FSR is about 4.5 nm. According to the operation principle in Fig. 2(b) , the first FSR and the third FSR are chosen as the pump region and the filter region, respectively. Figure 5(b) shows the spectrum of the filter region with an extinction ratio of 36 dB. The wavelength of the resonance λ 1a is 1552.54 nm and the wavelengths of the other two resonances λ 2a and λ 3a are around 1552.7 nm. As shown in Fig. 5(c) , the wavelengths of the three resonances (λ 1b , λ 2b and λ 3b ) in the pump region are 1543.46 nm, 1543.576 nm and 1543.69 nm, respectively. The tuning characteristics of the device is also measured, as shown in Fig. 5(d) . Through injecting different pump powers of λ 1b , λ 2b and λ 3b , the resonance red-shifts of the corresponding MRR are illustrated as the red solid line (R 1 ), the blue dashed line (R 2 ) and the green dotted line (R 3 ), respectively. It is clear that the resonance red-shifts increase linearly with the corresponding pump powers, which are efficient to realize tunable filters. For example, the resonance red-shift of R 1 is larger than 0.3 nm while injecting a pump power of 2 mW.
Experimental Results
In order to demonstrate the bandwidth tunability of the all-optical filter, two pump powers (P 1 at λ 1b and P 2 at λ 2b ) are injected into the silicon device. In this case, the corresponding two resonances λ 1a and λ 2a would be shifted while the other resonance λ 3a remains unchanged. Meanwhile, a low-power amplified spontaneous emission (ASE) source is coupled with the pump powers to characterize the device transmission spectrum.
The initial spectrum of the filter region is shown as the black line in Fig. 6(a) . Firstly, the two pump powers (P 1 and P 2 ) are set as 0 mW and 1.8 mW, respectively. Under the influence of the nonlinear effects, the resonance λ 2a shifts to 1552.94 nm. In this case, the measured filter spectrum is shown as the blue line. As a result, the optical filter could realize a maximum 3 dB-bandwidth of 0.89 nm with an ER around 20 dB. Secondly, the pump power P 1 is enhanced to 0.42 mW so as to increase the red-shift of λ 1a , while P 2 is reduced to 1.35 mW to decrease the red-shift of λ 2a . In this case, the two resonances shift to 1552.62 nm (λ 1a ) and 1552.86 nm (λ 2a ), respectively. The pink curve shows the filter spectrum with a 3dB-bandwidth of 0.72 nm. Thirdly, the two pump powers (P 1 and P 2 ) are set as 0.78 mW and 1.03 mW, in order to shift the two resonances to 1552.66 nm (λ 1a ) and 1552.82 nm (λ 2a ), respectively. The measured filter spectrum is shown as the green line and the filter's 3 dB-bandwidth is 0.61 nm. Finally, the pump power P 1 is increased to 0.95 mW while P 2 is decreased to 0.51 mW, respectively. Accordingly, the two resonances λ 1a and λ 2a are both shifted around λ 3a (i.e., 1552.7 nm). In this case, the 3dB-bandwidth of the optical filter could realize a minimum value of 0.47 nm with a large ER of 48 dB. Figure 6(b) shows the 3dB-bandwidths (blue line) and extinction ratios (green line) of the optical filter when affected by different pump powers (i.e., P 1 and P 2 ). By adjusting P 1 from 0 mW to 0.95 mW and P 2 from 1.8 mW to 0.51 mW, the 3dB-bandwidth of the optical filter could be tuned from 0.89 nm to 0.47 nm. Therefore, the tuning efficiency of the filter's 3dB-bandwidth expressed as BW/P max is 0.233 nm/mW. The extinction ratios of the filter varies from 18 dB to 48 dB, which is shown as the green line. To further investigate the wavelength tunability of the optical filter, we have chosen the transfer function shown as the pink dotted dashed curve in Fig. 6(a) . In this case, the central wavelength of the optical filter is around 1552.7 nm. The corresponding pump powers are P 1 = 0.42 mW, P 2 = 1.35 mW and P 3 at λ 3a is 0 mW. Then, by adjusting the three pump powers, the central wavelengths of the optical filter could be tuned to 1552.86 nm (P 1 = 1.12 mW, P 2 = 2.16 mW, P 3 = 1.28 mW), 1553.0 nm (P 1 = 2.18 mW, P 2 = 3.12 mW, P 3 = 2.36 mW) and 1553.16 nm (P 1 = 2.85 mW, P 2 = 3.86 mW, P 3 = 3.53 mW), respectively. Therefore, with the maximum pump power of 10.24 mW, Fig. 7(a) shows that the central wavelength of the optical filter could be tuned from 1552.72 nm to 1553.16 nm. Thus, the tuning efficiency of the filter wavelength is 0.043 nm/mW. As shown in Fig. 7(b) , the variation of the filter wavelengths and ERs are shown as the blue line and green line, respectively. The maximum tuning range of the filter wavelengths could realize 0.44 nm with ERs larger than 30 dB. By enhancing the pump powers, the tuning range of the filter wavelengths could be further increased. Moreover, in order to investigate the stability of the optical filter, we have measured the central wavelengths of the optical filter at different times. Within six hours, the maximum shift of the filter central wavelengths is 0.03 nm, which could be negligible due to the wavelength magnitude of 1550 nm. If the environmental conditions (e.g., ambient temperature) can be controlled, the performance of the optical filter will be stable. Table 1 illustrates the tuning performances of recent optical filters on silicon platforms. Two major parameters of the filters (i.e., bandwidth tuning efficiency and wavelength tuning efficiency) are compared by using different silicon structures. Due to the advantages of the opto-mechanical MRRs, the tuning efficiencies of the filter bandwidth and wavelength in this work are much larger than the other schemes. Especially, the bandwidth tuning efficiency has been significantly improved to a high value of 0.233 nm/mW. Moreover, the optical filter in this work is tuned in the all-optical field that benefits the building of an all-optical system. Therefore, with the dominant advantages of high tuning efficiencies, a compact size and all-optical control, the proposed silicon optical filter is significantly superior for usage in on-chip signal processing.
As the tuning results of the optical filter are mainly determined by the characteristics of the silicon opto-mechanical MRRs, the performances could be significantly improved by optimizing the device structures and parameters. Firstly, the nonlinear effects in the opto-mechanical MRRs could be enhanced by optimizing the separation gap between the oxide substrate and the free-hanging arc [37] , [38] . In this case, the required pump powers could be reduced and the tuning efficiencies would be accordingly increased. Secondly, the coupling gaps between the MRRs and the straight waveguides could be optimized to realize the critical coupling. Thus, the extinction ratios of the optical filter could be improved [39] , [40] . Furthermore, better fabrication technology [41] and postprocessing technology [42] could be employed to reduce the device transmission loss and pump powers, which would also improve the tuning efficiencies.
Conclusions
In conclusion, we have experimentally demonstrated an all-optical tunable filter with high tuning efficiencies based on silicon opto-mechanical MRRs, which could be driven by low resonance powers. The tuning efficiencies of the filter 3dB-bandwidth and wavelength could reach 0.233 nm/mW and 0.043 nm/mW, respectively. Moreover, the tuning range of the all-optical filter could be further increased by enhancing the resonance powers. The footprint of the whole device is 0.02 mm 2 . Our scheme provides an all-optical tunable filter of CMOS-compatibility, a compact footprint and high tuning efficiencies which has many significant applications for on-chip all-optical signal processing.
